A plasma spectrometer design based on advances in lithography and microchip stacking technologies is described. A series of curved plate energy analyzers, with an integrated collimator, is etched into a silicon wafer. Tests of spectrometer elements, the energy analyzer and collimator, were performed with a 5 keV electron beam. The measured collimator transmission and energy selectivity were in good agreement with design targets. A single wafer element could be used as a plasma processing or fusion first wall diagnostic. Published by AIP Publishing. [http://dx
I. INTRODUCTION
The measurement of ion energy spectra in space has increasingly focused on understanding the energy flow and coupling between different spatial regions through simultaneous measurements of essential plasma parameters. Though highly successful, space missions incorporating a few identical spacecraft are, and will continue to be, limited by rare conjunctions and sampling of only one place in each region of the magnetosphere and upstream solar wind. [1] [2] [3] Since spatially resolved measurements are critical for understanding the electrodynamics of different parts of the magnetosphere, the next step in multi-spacecraft missions is to go well beyond missions consisting of a handful of large and sophisticated spacecraft to missions comprised of large numbers of spacecraft. Only by flying hundreds of spacecraft, and thereby obtaining simultaneous, high spatial resolution plasma measurements over a significant fraction of the entire magnetosphere, will it be possible to understand the energy flow and coupling between different magnetospheric regions. However, the current generation of plasma spectrometers 4 is too massive, consumes too much electrical power, and requires too much assembly and testing time to be flown on future multi-spacecraft microsatellite missions. 5 Advanced wafer scale fabrication techniques naturally lend themselves to relatively high manufacturing volumes, lower mass, lower costs and therefore change the paradigm for dealing with flaws or defects in individual instruments.
In unmagnetized industrial plasmas, there is also a need to obtain measurements of ion energy spectra. Typically, such measurements are obtained in a plasma processing source with a retarding field energy analyzer (RFEA) 6 placed behind an aperture in a dummy processing wafer or, in some cases, placed in front of the wafer where it may significantly perturb the plasma. Ion energy measurements provide important details about ion acceleration in the plasma sheath and are needed to understand the etching or deposition chemistry that occurs at the wafer surface.
As magnetically confined plasmas progress towards ignition and very long pulse experiments, understanding the detailed ion physics of the pedestal and diverter regions has become increasingly important. While Thomson scattering systems have been added to the divertor regions of major tokamak experiments for electron density and electron temperature measurements, and fast cameras and imaging bolometers now provide information about heat loads on plasma facing components in the diverter; the energy spectra of ions in these regions are not well measured. The energy spectra of the ions determine the rates of sputtering and the erosion of plasma facing surfaces. Measurements of electron density, electron temperature, fluctuation levels, and impurity content in the plasma edge are obtained with reciprocating probes, diagnostic lithium and helium beams, emission spectroscopy, reflectometry, and interferometers. However, ion energy spectra in the hundreds of eV to few keV energy range in the edge are not easily determined spectroscopically and must be measured in situ since the ions are confined by the strong magnetic fields. As predictive numerical models of tokamaks include more details of the plasma-boundary interface, it has also become critically important to be able to validate these models with accurate measurements of the diffusion rates of ions through the scrape off layer to accurately calculate wall-loading and sputtering rates. 7 Here we describe the initial results of a wafer scale, plasma energy analyzer that, with modest modification, is adaptable for use in unmagnetized processing plasmas and has potential application as a disposable ion energy spectrum diagnostic embedded in wall tiles at the edge of a tokamak.
II. EXPERIMENTAL APPARATUS-DESIGN
There are three elements in any plasma ion energy spectrometer: a collimating structure that defines the viewing geometry, an energy per charge or energy per mass resolving analyzer, and a particle detector. Here we focus on improving the collimator and analyzer elements through advanced wafer scale fabrication techniques and propose a solid state detector or a Faraday cup detector depending on the application.
For collimation, a classic "conventional" plasma spectrometer employs some structure to narrow the field of view. If the target species is neutral, the collimator incorporates alternating bias potentials of a few kV to sweep out all the incoming charged particles. In some cases, such as in a top-hat design, 8 the collimator is part of the electrostatic optics of the instrument and is used to sweep the instrument acceptance angle over a large range of incident trajectories. For compact, space-based, plasma spectrometers, micromachined structures have been introduced as collimators. 9 To reduce the effects of sunlight on the detectors while measuring particle energies, the energy analyzer element introduces a significant path deflection for charged particles but not for light. The toroidal top-hat electrostatic plasma energy analyzer is nearly a standard in space plasma spectrometers. For example, the Fast Plasma Investigation 10 on the Magnetospheric MultiScale spacecraft is composed of dual top-hat analyzers with an energy range of 10 eV to 30 keV for ions and electrons and, when combined with three other identical instruments on every spacecraft platform, is capable of acquiring fully 3D ion and electron energy distributions at a measurement cadence of 30 ms for electrons and 150 ms for ions. Even more advanced electrostatic geometries have been developed to provide mass resolution or other features.
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The superb measurement characteristics of these instruments come at the price of significant size, masses approaching 10 kG, and power consumption approaching 10 W. Shown in Figures 1 and 2 is a conceptual design for a compact, multilayer, ultralow mass, low voltage, plasma analyzer for in situ measurements in space. Each energy analyzer layer (Figure 1 ) contains eight curved plate energy analyzer bands etched into silicon. The energy analyzer "wafer" is a wafer-to-wafer bonded pair; the upper wafer is highly doped and processed by Deep Reactive Ion Etching (DRIE); the lower wafer is an insulating wafer, serves as an etch stop, and also maintains electrical isolation. Each band consists of nine mechanically independent and isolated curved plates yielding 10 channels per band. The angle of curvature is such that photons entering the gap between the plates undergo a single reflection to pass through the curved plate system. As described in the recent review by Gilbert, 12 a single bounce is typically insufficient for significant background ultraviolet light rejection and the angle of curvature will be adjusted in future versions of the curved plate pairs based on the need for background light rejection.
The energy scaling of any curved plate analyzer is E = (q∆V/(2 ln (1 + ∆r/R 1 )), where R 1 is the inner plate radius and ∆r is the plate spacing. For closely spaced plates, the transiting energy reduces to E = (qR∆V/ (2∆r)) to first order, i.e., the energy scales with the radius of the analyzer divided by twice the plate spacing. For curved plates spanning a full 127
• , charged particles injected at the center of the analyzer plates but with a wide range of incident angles successfully pass through the analyzer and are focused upon exiting the analyzer. 13 For a spherical or "top-hat" analyzer, the optics are slightly different. Typically a smaller bending angle is used and two-dimensional electrostatic focusing is sacrificed so that a larger aperture is achieved. Conventional manufacturing constraints, and the need to maximize the size of the input aperture, set the scale of the spacing between the curved plates. In the hemispherical analyzer of Ref. 8, the plate spacing is 0.5 cm and a voltage of 2350 V is required to convey ions with 20 keV/charge around the plates. When spherical section analyzers are miniaturized, either the bias voltage must increase if large plate spacing, and therefore the geometric factor, is to be preserved, or the plate spacing must shrink at the expense of the geometric factor.
For our curved plate analyzer design, 300 µm high curved plates with a 0.3 cm radius and a plate-to-plate gap of 80 µm (as shown in Figure 1 ), the plate radius to plate spacing ratio (R/∆r) is 3750 and a potential difference of only 10.7 V across two plates is sufficient to transport ions with energy/charge of 20 keV from the entrance aperture to the exit aperture. The low voltage nature of the analyzer is particularly important for plasma diagnosis in plasma processing systems and in the edge of fusion experiments where high voltages would be likely to induce arcing. An important feature is that the large number of curved plate pairs contained in eight distinct bands maximizes the effective working aperture area of the analyzer while also naturally creating an energy spectrometer. For a 200 µm thick base (the lower wafer of the 2 wafer system) under the plates, the design shown in Figure 1 would have an active aperture to total surface area ratio of 24%. In other words, 24% of the target species passing through the collimator onto the entrance side of the layer will be filtered based on their energy per charge. The eight distinct bands allow for eight different energy ranges to be simultaneously sampled for distinct electric potential differences applied to the larger electrode "pads" that are in between the eight sets of curved plates. Therefore, this design provides for measurements of energy spectra using only low voltage supplies and with a 100% duty cycle. Intrinsically multi-energy ion spectrometers have been used previously in fusion experiments to obtain high time resolution measurements of ion behavior in the bulk plasma.
14 The potentials on the individual curved plates in each band are determined by a thin film resistive layer deposited on the underside of a capping layer that connects the tops of the larger pads to the individual plates in each band. For example, beginning at one end, seven different constant potentials applied to the larger pads in a pattern of 100 V, 0 V, 50 V, 75 V, 25 V, 62.5 V, 87.5 V, 0 V, and 25 V create the energy passbands of 20 keV/e, 10 keV/e, 5 keV/e, 2.5 keV/e, 7.5 keV/e, 12.5 keV/e, 17 keV/e, and 15 keV/e, respectively. The electrical contacts on the underside of the capping layer are fabricated through two sided lithography.
Another key feature of this analyzer design is that each energy analyzer structure is intended to be a single layer in a large stack of identical layers. Each layer serves as the capping layer for the energy analyzer layer below. Shown in Figure 2 is a schematic of a stack of 25 energy analyzer layers. The entire structure is approximately 1 cm deep, 1.5 cm high, and 1.75 cm in width, just slightly larger than a standard sugar cube. Electrical interconnects, not shown, run along the "entrance" side of the stack (left side of Figure 2 ) to connect the electrodes on each layer into identically biased columns of electrodes. The topmost layer of the energy analyzer chip stack is a separately fabricated electrical connection chip which utilizes a "through-silicon via (TSV)" approach and double sided lithography so that a single flex cable mounted to the top of the stack provides all the bias voltages.
In the conceptual design of Figure 2 , we show a collimator assembly mounted on the entrance aperture side of the stack to restrict particle fluxes to the desired look direction and to improve the energy selectivity of the analyzer stack. However, later in this manuscript we provide the details of a new design in which the collimator structure is integrated into the energy analyzer layer, eliminating the need for separate collimator fabrication, assembly, and alignment steps. 
III. EXPERIMENTAL APPARATUS-VALIDATION
Electron beam transmission tests were performed on a lithographically fabricated collimator and a single energy analyzer layer. The collimator achieved a ±1.5
• × ±1.5
• angular acceptance in a structure only 640 µm thick with ∼20% transmission efficiency. The energy analyzer layer, consisting of 8 bands of curved plates with each band containing 10 discrete channels between the plates, achieved an aperture efficiency of 22%.
The design target for the collimating structure was a transmission of 44% and a ±2
• × ±2
• angular acceptance. We employed DRIE processing to fabricate the collimating apertures of 28 µm × 28 µm in a 100 mm diameter, 320 µm thick, heavily P/Boron doped silicon wafer (see Figure 3(a) ). For the 40 µm center-to-center spacing of the apertures, the theoretical transmission efficiency of the wafer is 49%. To obtain the desired angular acceptance, the design required two stacked collimator chips. The apertures we fabricated with the initial DRIE process narrowed down from 28 µm on the front side to approximately 17 µm on the back side of the wafer (see Figure 3(b) ). This aperture taper reduced the effective measured transparency to about 20%. While the results reported here are based on tests employing the first set of fabricated collimators which had the 28 µm to 17 µm taper, the next phase of fabrication will completely eliminate the separate collimator structure and effectively yield 100% transmission efficiency into the analyzer. The collimator's aperture pattern on each layer was divided into 8 identical collimator regions to line up with the 8 energy analyzer.
Testing of the collimator stack was performed with an electron beam. The collimator was placed in front of an imaging microchannel plate beam profile monitor and the transmission through the collimator stack measured as a function of the angle of the collimator stack to the beam. The transmitted 5 keV electron flux as a function of horizontal angle is shown in Figure 4 for a vertical slice through the two collimator regions closest to the center of electron beam (to minimize effects arising from the electron beam's intrinsic divergence). The peak measured transmission is nearly 20%, very close to the predicted value. A Gaussian fit to the measured angular response yields a FWHM of 1.1
• and the transmission cuts off at ±1.5
• , exactly as predicted for the measured hole sizes. Even using this first generation of collimator design, the transmission efficiency is three times larger than those used in previous micro-fabricated plasma spectrometers, with improved angular resolution. The energy analyzer plates were fabricated using DRIE in 360 µm thick heavily P/Boron doped silicon on a 200 µm thick layer of P/Boron doped with 2 µm thick buried oxide layer. Three scanning electron microscope (SEM) images of a completed energy analyzer layer are shown in Figure 5 . In Figure 5 intended. To ensure plate stability for prototype testing, we fabricated analyzer plates with robust 60 µm thick plates with 80 µm spacing. The additional plate thickness reduces the theoretically achievable active area of the analyzer stack to 27%. Based on the analysis of a series of plate thickness, scaling fabrication runs and the resulting mechanical stability of the plates, the current undercut size will likely restrict the minimum plate thickness to about 30 µm, placing an upper limit on the active surface area of a complete analyzer stack of approximately 27%. With an aperture fraction of 27%, the active collection area of the instrument concept shown in Figure 2 is 0.58 cm 2 . For comparison, the total active aperture of the conventional top-hat analyzer described in Ref. 8 is 2.11 cm 2 . For testing, a single energy analyzer layer was mounted up-side down on a glass substrate upon which individual electrical contacts for each plate and large electrode were deposited. The electrical connection layer was fabricated specifically for testing and allowed for direct measurement and application of the voltages on each of the nine plates in two bands. A 5 keV electron beam was directed to the entrances of the eight energy analyzer bands and the electron flux passing through the bands in the single analyzer layer was measured with an imaging microchannel plate (MCP) beam profile monitor placed behind the energy analyzer layer. Because of the geometry of the mounting structure, a gap through which unblocked electrons could pass remained just above the energy analyzer layer. Therefore, for all measurements, a wide, thin region of intense flux of electrons was recorded by the imaging detector just above the energy analyzer structure. Data were acquired over 10-30 min with and without bias applied to the energy analyzer plates and difference images were created to eliminate the background signal created by the unblocked electrons. The difference image shown in Figure 6 was obtained for a bias of 26.6 V applied only across the third analyzer band.
The imaging MCP system has a spatial resolution of roughly 100 µm. Therefore, we expect an individual band of 10 channels to appear as a structure approximately 2-3 pixels high and 12-14 pixels wide. The flux shown in Figure 6 corresponds exactly to the location of the band that was biased and has the expected spatial scale. The peak transmission through the band (normalized to the beam flux and background levels) was 25%, very close to the 27% expected.
These measurements demonstrate that the ten analyzer plate pairs biased properly, that all ten curved plate pairs functioned as a single energy analyzer unit, and that the 
IV. INTEGRATED SINGLE LAYER DEVICE
While space plasmas typically have plasma densities on the order of 10 cm −3 , processing plasma densities are typically greater than 10 9 cm −3 and magnetic fusion edge plasmas often exceed 10 12 cm −3 . In such applications, there is no need to enhance the sensitivity of this micro-spectrometer by stacking multiple layers as a single energy analyzer layer should yield a detectable signal. However, the typical ion energies in processing systems and the edge of fusion plasmas are much lower than space plasmas, tens of eV to perhaps 1 keV. Thus, the energy-resolving silicon solid state detector (SSSD) envisioned for the space version of this instrument concept is not appropriate. SSSDs have energy thresholds for ions and electrons of a few keV. 15 Shown in Figure 7 is an improved concept in which the collimator structure is integrated with the energy analyzer and therefore the collimator fabrication and alignment steps are eliminated. The expanded view in Figure 7 shows a collimator that is now etched into the same high conductivity silicon wafer as the energy analyzer, but it is physically separated from the analyzer plates by a gap of approximately 50 µm. As with the space-based spectrometer, electrical contact to this single layer device will be accomplished with a capping layer that has a matching electrode pattern and an additional resistive strip to properly distribute the voltages applied to each large electrode to the individual curved plates. The collimator structures will be tied to ground by a uniform conductive layer on the underside of the capping layer. The much larger ion densities in plasma processing systems and edge fusion plasmas also eliminate the need to etch tall curved plates to maximize throughput. The single layer design shown in Figure 7 has a symmetric angular resolution of 2
• × 2 • . Perhaps even more important is that, since this collimator design is completely aligned to the energy analyzer, it introduces no reduction in flux through the energy analyzer, i.e., it is effectively 100% transmissive for ions within the angular acceptance window.
The combined 200 µm thick insulating base, 60 µm thick energy analyzer layer, and 100 µm thick capping/ electrical   FIG. 7 . An eight-band single layer energy analyzer with an integrated collimator structure consisting of 60 µm wide by 60 µm tall bars. This monolithic design produces a relative 100% transmission efficiency. connection layer comprise an ion energy spectrometer less than 300 µm thick, i.e., less than 1/3 of a millimeter thick. Missing from the conceptual design schematic in Figure 7 are the detectors at the exit aperture of the energy analyzer channels.
Instead of using the SSSDs planned for use in the space instrument, we will extend the lower ion energy detection threshold into the range of tens of eV by integrating microFaraday cups into the energy analyzer layer. A standard Faraday cup, shown schematically in Figure 8(a) , consists of an entrance aperture for the incoming ions and an inner and outer conductor (shown in red) separated by an insulator (shown in yellow). Ions passing through the aperture are collected by the inner conductor. In this design, the outer conductor is referenced to ground to reduce electrical noise. Secondary electron emission from the inner conductor is suppressed with a biasing ring (shown in green).
During the same DRIE processing step used to create the energy analyzer curved plates, the "pocket" portion of the Faraday cup is formed. Then the insulating layer is grown and/or deposited across the detector portion of the device (shown in yellow in Figure 8(b) ). Finally, the inner conducting layer (shown in red in Figure 8(b) ) is deposited over the insulating layer. Alignment of the micro-Faraday cups with the energy analyzer plates is shown in Figure 8(c) . The insulator plus conductor pattern is repeated on the underside of the capping layer to complete the micro-Faraday cup structure. The signals from all ten micro-Faraday cups in an energy analyzer band are combined and coupled to a low-noise, charge to voltage pre-amplifier integrated with the device assembly. Electrical connection to the suppression ring is accomplished through the capping layer. A complete schematic of a single layer ion energy spectrometer with an integrated collimator, micro-Faraday cup assembly, and capping layer is shown in Figure 9 . The entire device is approximately 1.2 cm wide, 0.3 cm thick, and 1 cm deep. 
V. SUMMARY
These component test results clearly demonstrate that it is possible to fabricate the structures necessary for a microscale, ion energy spectrometer. In plasma processing systems, conventional RFEAs already provide ion flux measurements integrated over all energies above the threshold repulsion energy of the RFEA. While it is possible to extract the ion energy distribution function from such integrated measurements, accurate results are obtained only for specific forms of the ion velocity distribution function, e.g., RFEA probes do not provide accurate ion temperature measurements when the sampled plasma has a bulk flow. 16, 17 Because the retarding potential of an RFEA must be swept over the entire energy range to complete a measurement, the time resolution of an RFEA is also limited. Since their entrance aperture is typically uncollimated, RFEAs also sample over a wide angular range. Finally, to sample high energy ions, e.g., over 1 keV, RFEAs require the applied voltages of equivalent magnitude. Such voltages are problematic at pressures of tens of millitorr for which internal arcing is likely to occur. The micro-spectrometer described here is small enough for non-perturbative insertion in plasma processing systems and provides a direct, angularly resolved, and instantaneous measurement of the ion energy spectrum. Measurement of high energy ions is accomplished with only a few volts of potential difference across pairs of curved plates.
Magnetic fusion edge plasmas present their own challenge because the very strong magnetic fields, ∼2 T, and ion energies, tens to hundreds of eV, expected in those plasmas introduce significant finite gyroradius effects. RFEAs aligned along the local magnetic field direction provide information about the parallel ion energy distribution in such plasmas if their entrance aperture is larger than the ion gyroradius. However, this means that they must be inserted into the plasma to intersect a plasma filled field line. Ideally, to investigate the energy distribution of ions impacting the wall of a magnetic fusion device, it is the perpendicular ion energy distribution that is of interest.
As shown in Figure 10 , the micro-spectrometer is mounted in the face of a plasma facing wall tile with the normal to the wafer perpendicular to the magnetic field. Ions gyrating around the magnetic field lines which pass in FIG. 10 . Schematic of a micro-spectrometer embedded in a wall tile at the edge of a fusion plasma. The magnetic field is nearly parallel to the face of the tile. Ions (shown in blue and not to scale) gyrating around the magnetic field which enter the instrument experience an E × B drift in the direction shown.
front of the aperture enter the device. The ion gyroradius for a 200 eV ion in a 2 T magnetic field, 720 µm, is larger than the gap between the energy analyzer plates. If oriented properly, the electric field applied across the analyzer plates either increases or decreases the gyroradius of the ion. For a unique polarity and magnitude of the electric field, ions still make their way around the curved plates and are collected in the micro-Faraday cup. Essentially, the ions E × B drift into the detection volume. For a known value of the local magnetic field, the ion energy distribution is determined from the measured current versus energy analyzer voltage.
